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Abstract 
A Si-based monolithic laser is highly desirable for full integration of Si-photonics.  Lasing from 
direct bandgap group-IV GeSn alloy has opened a completely new venue from the traditional III-
V integration approach.  We demonstrated optically pumped GeSn lasers on Si with broad 
wavelength coverage from 2 to 3 μm.  The GeSn alloys were grown using newly developed 
approaches with an industry standard chemical vapor deposition reactor and low-cost 
commercially available precursors.  The achieved maximum Sn composition of 17.5% exceeded 
the generally acknowledged Sn incorporation limits for using similar deposition chemistries.  
The highest lasing temperature was measured as 180 K with the active layer thickness as thin as 
2 
 
260 nm.  The unprecedented lasing performance is mainly due to the unique growth approaches, 
which offer high-quality epitaxial materials.  The results reported in this work show a major 
advance towards Si-based mid-infrared laser sources for integrated photonics. 
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Si-based electronics industry has driven the digital revolution for an unprecedented success.  
As a result, there has been tremendous effort to broaden the reach of Si technology to build 
integrated photonics1-3.  Although great success has been made on Si-based waveguides4, 
modulators5, and photodetectors6,7, a monolithic integrated light source on Si with high 
efficiency and reliability remains missing and is seen as the most challenging task to form a 
complete set of Si photonic components.  Currently, Si photonics utilizes direct bandgap III-V 
lasers as the light source through different integration approaches such as wafer-bonding or 
direct-growth, which has seen significant progress in the last decade8-11.  From the other side, a 
laser made from direct bandgap group-IV materials offers its own unique advantages particularly 
the material integration compatibility with the complementary metal–oxide–semiconductor 
(CMOS) process.  However, group-IV materials such as Si, Ge, and SiGe alloys have been 
excluded from being an efficient light source due to their indirect bandgap nature.  Although the 
optically pumped Er doped Si laser12 and the Si Raman laser13 have been reported, they do not 
rely on bandgap emission and cannot be operated under direct electrical pumping.  Recently 
developed Ge lasers14-16 employed strain-engineering and heavily n-type doping to compensate 
for its indirect bandgap, yet the high threshold and fabrication difficulties remain unresolved thus 
far.   
It has been theoretically predicted that the group-IV alloy GeSn could achieve a direct 
bandgap by incorporating more than 6-10% Sn into Ge17-19.  In order to overcome the limit of 
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low solid solubility of Sn in Ge (<1%), low temperature growth techniques under non-
equilibrium conditions have been successfully developed20,21, leading to the first experimental 
demonstration of direct bandgap GeSn alloy22 and the optically pumped GeSn interband lasers23-
25.  The recent engagement of mainstream industrial chemical vapor deposition (CVD) reactors 
for the development of GeSn growth techniques has enabled those significant results, which 
implies that the growth method is manufacturable and can be transferred to the foundry/fab3.  In 
this paper, we demonstrate the first set of optically pumped GeSn edge-emitting lasers that 
covers an unprecedented broad wavelength range from 2 to 3 μm with lower lasing threshold and 
higher operation temperature than all previous reports.  This superior laser performance is 
attributed to the unique epitaxial growth approaches that were developed based on newly 
discovered growth dynamics.   Contrary to the common belief that growing GeSn with high Sn 
composition is mainly limited by the chemistry of the deposition process, we found that the Sn 
incorporation is actually limited by the compressive strain.  Strain-induced Sn segregation results 
in continuous ejection of Sn solute atoms which prevents increasing the Sn concentration 
through the adjustment of the SnCl4 partial pressure alone.  By relieving the strain constraint, a 
much higher Sn composition with high crystallinity was obtained.        
It is generally acknowledged that a higher Sn composition (more than 10%) is preferred to 
obtain high performance GeSn lasers as higher Sn composition enables more bandgap directness 
and enhances a more favorable direct radiative recombination.  For GeSn growth using SnCl4 
and different Ge-hydrides as precursors, growth dynamics studies revealed that lower growth 
temperature is required for higher Sn incorporation26-30.  Currently, the Sn compositions up to 
12% were obtained by using GeH4 as precursor
26,27 while the Sn compositions up to 15% were 
achieved by using Ge2H6 or Ge3H8 as precursor
28-30.  Using GeH4 is preferred from an industrial 
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manufacturing perspective due to its much lower cost.  However, use of the Ge2H6 and Ge3H8 
remains attractive due to the fact that the high order hydrides decompose more readily at lower 
temperatures, which facilitates the growth of higher Sn composition GeSn.  Although significant 
progress has been made, maximum Sn compositions using industrial CVD methods seemed to 
have plateaued in the ~15% Sn range regardless of precursor choice or growth recipe specifics. 
Such a limit has been mainly attributed to the chemical reaction balance dominating the growth 
process and the availability, or lack thereof, of disassociated Ge-hydrides and Sn-chlorides as the 
temperature is continually decreased to counteract Sn out-diffusion/segregation28-30.  
In our recent work, we have observed a clear spontaneous-relaxation-enhanced (SRE) Sn 
incorporation process.  When GeSn is grown on a Ge buffer using a nominal 9% GeH4 based 
recipe, the Sn incorporation starts from 9% and the material gradually relaxes and then the 
subsequent GeSn layer Sn composition changes to 12%.  The growth normally results in a 
distinct two-layer structure with the first layer being defective and gradually relaxed and the 
second layer being low-defect density and almost completely relaxed.  The fact that the growth 
recipe is maintained the same for the entire SRE growth process strongly suggests that the 
compressive strain rather than the chemical reaction is the dominant limiting factor of Sn 
incorporation24.  This discovery inspires us to adopt two approaches as the new growth strategy 
to obtain high Sn compositions: i) the SRE approach and ii) the GeSn virtual substrate (VS) 
approach, which lead to the final Sn composition up to 15.9% and 17.5%, respectively.  The 
GeSn VS approach utilizes the GeSn layers obtained through the SRE approach as the buffer to 
grow higher Sn composition films with an optimized recipe.  The relaxed template allows for 
higher SnCl4 partial pressures to be used which when directly applied to growth on a Ge buffer, 
would cause strain-induced Sn segregation and precipitation.     
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In this work, two sets of GeSn samples were grown using an industry-standard ASM 
Epsilon® 2000 PLUS reduced pressure chemical vapor deposition (RPCVD) reactor27. As listed 
in Table 1: samples A to E were grown via the SRE approach (two-layer GeSn structure) while 
samples F and G were grown via the GeSn VS approach (two layer GeSn structure plus an 
additional third GeSn layer).  Note that sample B was capped with a 10 nm Ge passivation layer 
which lately showed negligible effects for the overall device performance.  A standard Ge buffer 
layer was grown on Si in-situ prior to the GeSn deposition.  After the growth, the GeSn layer 
thickness and quality in terms of threading dislocation density (TDD) were analyzed using 
transmission electron microscopy (TEM) and etch pit density techniques.  The Secondary Ion 
Mass Spectrometry, X-ray diffraction (XRD) 2θ-ω scan and reciprocal space mapping (RSM) 
were used to determine the Sn compositions and strain after cross check, based on which the 
electronic bandgap structures at room temperature were calculated.  The detailed material 
characterization results are also summarized in Table 1. 
 
Table 1 Summary of sample material and lasing characterization results 
# 
GeSn 1st layer* GeSn 2nd layer GeSn 3rd layer** 
T0 (K) 
Lasing 
wavelength @ 
77 K (nm) 
Threshold @ 
77 K (kW/cm2) Sn% Thickness (nm) Sn% Thickness (nm) Sn% Thickness (nm) 
A 5.6% 210 7.3% 680   N. A. 2070 300 
B 8.3% 280 9.9% 850   76 2400 117 
C 9.4% 180 11.4% 660   87 2461 160 
D 10.5% 250 14.4% 670   73 2627 138 
E 11.6% 210 15.9% 450   N. A. 2660 267 
F 9.8% 160 12.7% 680 16.6% 290 84 2767 150 
G 11.9% 310 15.5% 550 17.5% 260 73 2827 171 
*The “GeSn 1st layer” is directly in contact with the Ge buffer and the Sn composition is the initial 
nominal value. It gradually relaxes to a composition close to the composition in the “GeSn 2nd layer;  
**The GeSn 3rd layer was observed from samples F and G.  
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Figure 1. Material characterization of samples. (a) The 2θ-ω scan showing the gradually shifted GeSn peaks with 
increased Sn%. The fitted peaks indicate the existence of two and three GeSn layers for samples D and G, respectively. 
(b1) and (b2) RSM contour plots of sample D and G indicating the relaxed multiple GeSn layers. (c1) and (c2) TEM 
images of the samples D and G showing high quality GeSn top layers and the formation of TD loop in the 1st GeSn layers. 
(d) Summary of the material growth. The relaxed GeSn results in more incorporated Sn during the following growth. The 
Sn composition of 17.5% was achieved with stepped GeSn buffer growth.  
 
Figure 1a shows the XRD 2θ-ω scan with all curves aligned with the Si peak.  The peaks at 
66.1º are attributed to the Ge buffer while the peaks between 65.5o-63.5º belong to GeSn layers.  
As the Sn composition increases, the GeSn peak shifts towards a lower angle.  The asymmetric 
GeSn peak for each sample indicates the existence of multiple layers corresponding to different 
Sn compositions in the GeSn film.  Based on a multi-peak fitting process (Supplementary 
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Section 1), for the samples A to E, two distinct GeSn peaks can be obtained (See sample D as an 
example); while for the samples F and G, three peaks were clearly resolved (fitting curves for 
sample G are shown).  The multi-GeSn-layer characteristic was also observed in RSM and TEM 
images.  Figures 1-b1 and b2 shows the RSM contour plots of samples D and G indicating the 
two-layer and three-layer characteristics, respectively.  The dashed ellipse annotates each GeSn 
layer, which features an almost complete strain relaxation.  The high resolution TEM images of 
samples D and G are shown in Fig. 1-c1 and c2.  For the Ge buffer layer in each sample, the 
majority of defects were localized in the Ge/Si interface so that the high-quality Ge buffer was 
obtained.  For the GeSn alloy, each layer can be clearly observed.  Note that for each sample, the 
1st GeSn layer over the Ge buffer is defective due to the high TDD, which is attributed to the 
lattice mismatch between the Ge buffer and the 1st GeSn layer.  However, the formation of 
threading dislocation loops in the 1st GeSn layer prevents the defects from being propagated to 
the 2nd GeSn layer of sample D and to the 2nd and 3rd GeSn layers of sample G, resulting in low-
defect density GeSn top layers.  The mechanism of formation of dislocation loops during GeSn 
growth could be attributed to the special crystallographic plane and the external shear stress31.  
By using TEM and etch pit density measurements, a TDD of 106 cm-2 was obtained for the GeSn 
top layer while the TDD of Ge buffer layer (in a separate control sample with the same Ge 
thickness) was measured as 107 cm-2.   
  Figure 1d summarizes the GeSn growth results that were attained using the newly 
developed approaches.  For instance in the SRE approach, using a nominal 10.5% recipe for a 
total 920-nm-thick growth (sample D), the Sn compositions were measured as 10.5% and 14.4% 
in the 1st and 2nd layers (250 and 670 nm thick), respectively.  Using this approach, the 
1.6%~4.3% increase in Sn composition for the 2nd layer compared to that in the 1st layer was 
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achieved for all samples.  For the growth using the GeSn VS approach, for example sample G, a 
relaxed GeSn buffer with a final Sn composition of 15.5% was first obtained and then followed 
by a top GeSn layer with a much higher Sn composition of 17.5%, breaking the record of Sn 
incorporation not only for GeH4-based CVD recipe (12%)
27, but also Ge2H6-based recipe 
(15%)30.   
 
 
Figure 2.  Temperature-dependent PL spectra of samples D and G. The dramatically increased 
PL intensity at lower temperature indicates the direct bandgap material nature. Inset: Normalized 
integrated PL intensity. The additional valley feature appearing at ~3.0 μm in all spectra is due to 
the water absorption. 
 
The temperature-dependent photoluminescence (PL) measurements were performed to 
confirm the bandgap directness of the GeSn layers.  For each sample, as the temperature 
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decreases from 300 K to 10 K, the PL intensity dramatically increases, showing the clear 
signature of the direct bandgap similar to that of III-V materials such as GaAs and InP.  The 
typical temperature dependent PL spectra for samples D and G are shown in Fig. 2.  The 
observed PL peak blue-shift at lower temperature is expected due to the increase of the bandgap.  
From 300 to 10 K, sample D features a 4-times increase of integrated PL intensity while sample 
G features a 25-times increase of integrated PL intensity, as shown in Fig. 2 inset.  The distinct 
difference is attributed to enhanced direct bandgap radiative recombination due to a higher Sn 
composition in sample G.  It is worth noting that since the penetration depth of the 532-nm 
excitation laser beam is less than 100 nm, the optical transitions including light absorption and 
emission can occur only in the top GeSn layer (i.e. the 2nd layer of sample D and the 3rd layer of 
sample G).  To further investigate the optical transition property, a 1060-nm laser with 
penetration depth of over 1 μm was used.  Very similar PL spectra were obtained, indicating that 
the PL emissions are mainly from the band-to-band recombination in the top GeSn layer.  This 
can be interpreted as the following: since the top GeSn layer features a narrower bandgap 
compared to the GeSn layer(s) underneath due to higher Sn composition and a type-I band 
alignment, the carriers are confined in the top GeSn layer to recombine.  The carrier confinement 
effect was further confirmed by the band diagram calculation results (Supplementary Section 2).  
These results also point to a promising path to achieve type-I quantum well lasers in the GeSn 
system.     
Ridge-waveguide-based edge-emitting lasers were fabricated by standard lithography and 
etching processes.  A low temperature wet chemical etching process was developed in this work.  
By using a mixture of HCl: H2O2: H2O=1:1:10 at 0 °C, an average etching rate of ~20 nm/min 
was obtained, which is almost a constant regardless of the Sn composition.  Due to the lateral 
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etching, the width of the top and bottom of the ridge waveguide were measured as 2 and 5 μm, 
respectively.  The etching depth was selected as 800 nm to provide a sufficient mode 
confinement.  After etching, the samples were lapped down to ~70 μm thickness and then 
cleaved to different cavity length to finish the devices.  Figures 3a and 3b show the schematic 
waveguide structure and cross-sectional view of the scanning electron microscope (SEM) image.  
Atomic-force microscopy (AFM) characterizations have been performed on as-grown samples 
and post-etch samples (Supplementary Section 4) with values ranged from 3.75 to 18.00 nm, and 
6.27 to 13.70 nm, respectively.  The surface roughness of post-etch samples is estimated to only 
result in moderate scattering loss and therefore the laser performance would not be deteriorated.  
Figure 3a inset indicates an overlap of the fundamental TE mode with the GeSn layer for a 
confinement factor of 85.2% (Supplementary Section 5). 
 
 
Figure 3. GeSn optically pumped laser using samples D and G. (a) Schematic of layer structure (not to scale). (b) Cross-
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sectional view of SEM shows device mirror-like facet. Inset: fundamental TE mode profile. (c) and (d) Light output power 
versus pump laser power at various temperatures. Inset: Lasing spectra at 77 K indicating the multi-mode behavior (upper 
x-axis shows energy in eV); characteristic temperature (T0) of sample G. 
 
The optical pumping characterization was performed using a pulsed 1060 nm laser with 45 
kHz repetition rate and 6 ns pulse width.  The laser-output versus pumping-laser-input (L-L) 
curves for each sample were measured from 77 K to each individual maximum operating 
temperature.  At 77 K, the lasing thresholds for all samples were obtained ranging from 117 to 
300 kW/cm2, as listed in Table 1.  The relatively high lasing-onset excitation of 300 kW/cm2 of 
sample A is mainly due to the lower Sn composition relative to other samples, which results in 
less favorable populating of electrons in the direct Γ valley under the same pumping power 
density.  The lasing threshold of 267 kW/cm2 for sample E might be due to the slightly degraded 
material quality as it features the highest Sn composition (15.9%) among those samples grown 
via the SRE approach.  The relative lower quality of sample E was confirmed by XRD 
characterizations, which indicate that sample E features larger peak line-width of 2θ-ω scan and 
broadened contour plot of RSM compared to other samples.  The thresholds of the remaining 
five samples ranging from 117 to 171 kW/cm2 at 77 K are lower than that of our previously 
demonstrated GeSn laser24 (~200 kW/cm2).   
Figure 3c and 3d show the L-L curves for sample D (550 μm-long device) and G (700 μm-
long device). For each curve the threshold characteristic was clearly observed.  The lasing 
wavelengths were observed at 2630 and 2845 nm at 77 K for samples D and G, respectively.  
The maximum lasing temperatures were measured as 160 and 180 K for samples D and G, with 
the corresponding thresholds of 795 and 920 kW/cm2, respectively.  Both maximum operating 
temperatures are higher than that of the reported GeSn micro-disk lasers25 (130 K) and ridge 
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waveguide lasers (110 K).24  We attribute the superior laser performance to the high-quality 
materials that were grown via unique approaches, and to the significant reduction of the modal 
overlap with the misfit dislocations localized at the Ge/GeSn interface32.  
The investigation of the lasing mode characteristics was performed via lasing spectra 
measurement.  Due to the relatively large area of the cavity facet, the lasing spectra exhibit a 
typical multimode lasing characteristic.  The lasing spectra at 77 K for samples D and G are 
shown in Fig. 3c and 3d insets.  At the 1.2-times lasing threshold excitation power density for 
sample D, the full width at half maximum (FWHM) of each resolved peak was estimated ranging 
from 6 to 11 nm (1.3 to 2.4 meV).  On the other hand, at 2.0-times lasing threshold for sample G, 
the FWHM of each resolved peak was extracted ranging from 9 to 12 nm (1.9 to 2.6 meV).  
Compared with the FWHM of PL spectra at 10 K shown in Fig. 2, which are 114 and 122 nm 
(22.6 and 21.2 meV) for samples D and G, respectively, the dramatically reduced line-widths 
shown in Fig. 3c and 3d insets indicates obvious evidence of lasing.  At a pumping power 
density slightly higher than lasing threshold, the multi-peaks revealing the lasing modes can be 
observed clearly.  As the pumping power increases, the modes become more pronounced and 
most peaks grow, resulting in the overall lasing intensity increase. 
The characteristic temperature for each sample was extracted by temperature-dependent 
lasing threshold except for samples A and E due to insufficient data points, as listed in Table 1.  
As an example, Figure 3d inset (bottom) presents the fitted characteristic temperature of 73 K 
between 77 and 180 K for sample G.  For the samples studied in this work, their characteristic 
temperatures ranging from 73 to 87 K show slight fluctuation, which could benchmark the 
current phase of development of GeSn material for laser applications.  In comparison, the 
13 
 
characteristic temperatures of earlier developed InP and GaAs based optically pumped lasers 
were reported as 100 and 129 K, respectively33,34. 
The laser emission spectra were fully studied and are summarized in Fig. 4a.  At 77 K, lasing 
spectra from each sample were observed.  As temperature increases, except for samples A 
(lowest Sn composition) and E (slightly degraded material quality), the GeSn lasers fabricated 
from other samples lased up to 140 K.  In particular, samples D and G lased at 160 K, and the 
maximum lasing temperature is 180 K which was observed from sample G.  The main factors 
that determine the lasing performance are the material gain, the active layer thickness, the 
surface roughness of the device, and the dominant nonradiative recombination, which vary 
among the samples investigated in this work at different temperatures, resulting in each 
individual maximum lasing temperature.  It is worth noting that the early theoretical prediction 
for the highest achievable lasing temperature for the GeSn double heterostructure (DHS) laser 
was 200 K35, beyond which the Auger recombination could be dominant and stop the lasing 
process.  With the current lasing temperature being close to the theoretical predication, it is 
essential in the future to switch from the bulk DHS to more advanced device structures such as 
utilizing multiple GeSn quantum wells for room temperature operation35-37, as suggested in ref. 
35 that with a possible active region design of 20 SiGeSn/GeSn QWs.  As we have shown 
previously in the PL results, the type-I alignment between the GeSn layers of different 
compositions provides a promising path to the quantum well lasers. 
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Figure 4. GeSn laser performance characterization. (a) Spectra of GeSn lasers fabricated from samples A to 
G at temperatures from 77 to 180 K. (b) Lasing spectra at 77 K of samples compared with those PL spectra. 
The lasing peak blue-shift is due to the typical band filling effect. 
 
By increasing the final Sn compositions from 7.3% to 17.5%, a broad coverage of lasing 
wavelengths from 2 to 3 μm was achieved (2070 to 2945 nm).  Note that the lasing wavelengths 
were determined not only by Sn composition but also strain status, operating temperature, active 
region thickness, and carrier population profile.  To the best of our knowledge, this is the first 
demonstration of GeSn laser sets with such broad wavelength coverage.    Moreover, the lasing 
at 2945 nm (Sample G at 180 K) is the longest emission wavelength reported so far from GeSn 
based lasers. In fact, there is no fundamental limit to extend lasing spectra towards even longer 
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wavelengths via the unique material growth approach developed in this work to further increase 
Sn incorporation. 
Further analysis on lasing behavior was conducted by the study of emission peaks 
comparison between PL and lasing, as plotted in Fig. 4b.  For samples D and G, the lasing peaks 
showed a blue-shift of 28 and 308 nm relative to their PL peaks at 77 K, respectively.  This blue-
shift can be interpreted as the typical band filling effect, which is commonly observed from III-V 
lasers such as GaAs- and InP-based lasers with their relatively thinner gain layer.  Sample G 
features more blue-shift relative to sample D.  This is mainly due to the thinner GeSn top layer of 
sample G (3rd GeSn layer of 260 nm) compared to that of sample D (2nd GeSn layer of 670 nm). 
Therefore, for sample G the carriers would be confined in a small region near the top surface due 
to the nature of built-in type-I band alignment between the 3rd and 2nd GeSn layers, leading to a 
thinner active gain layer with higher injected carrier density, and consequently resulting in 
carriers populating at higher energy states and a more pronounced blue-shift at the intense 
pumping condition.  A longer wavelength beyond 3 µm could be accessible if the third layer 
GeSn in sample G is increased to further increase the modal gain and reduce the band filling.  
Observing band filling for given GeSn thickness combined with knowledge of the band 
alignment for the current GeSn heterostructures provides a useful insight for the design of future 
quantum well based GeSn lasers by choosing the right well/barrier materials as well as the 
number of the wells. 
In conclusion, we have demonstrated the GeSn optically pumped lasers covering the lasing 
wavelengths from 2 to 3 μm.  The GeSn samples were grown using an industry standard CVD 
reactor with low-cost SnCl4 and GeH4 precursors.  Newly discovered epitaxial growth dynamics 
indicate that the Sn incorporation is primarily limited by strain-induced Sn-segregation, with the 
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deposition chemistry being secondary.  By utilizing spontaneous-relaxation-enhanced Sn 
incorporation and GeSn virtual substrate approaches, a maximum Sn composition of 17.5% was 
achieved, which breaks the previous suspected 15% Sn limit even for using high order hydrides 
as precursors.  Ridge waveguide-based edge-emitting F-P lasers were fabricated.  Lasing from 
2070 to 2945 nm was achieved with the maximum lasing temperature of 180 K.  At 77 K, the 
lasing onset excitation of 117 kW/cm2 was obtained.  Significant lasing peak blue-shift relative 
to the PL peak was observed, reflecting the band filling effect, which is a typical characteristic of 
direct bandgap lasers such as those made from III-Vs.  This work is an essential step towards 
obtaining high performance Si-based monolithic integrated mid-infrared laser sources. 
 
METHODS 
Ge buffer growth.  A nominal 600 nm-thick Ge buffer layer was firstly grown on Si followed 
by an in-situ annealing to reduce the defects.  The growth of Ge on Si proceeded via a Stranski–
Krastanov mechanism in which an initial ~3 continuous monolayers were formed followed by 
the formation of islands.  In this process the initial growth was conducted at low temperatures to 
extend the 2-D growth followed by a high temperature growth in which the bulk of the film was 
deposited.  The higher temperature growth reduced the dislocations by promoting glide and 
subsequent annihilation of threading defects as well as providing increased growth rate.  Further 
defect reduction can be accomplished by in-situ annealing of the layer.  Utilizing this approach 
the relaxed Ge buffer layer with threading defect density of ~1×107 cm-2 was obtained. 
Photoluminescence (PL) measurements.  The PL measurements were performed using a 
standard off-axis configuration with a lock-in technique (optically chopped at 377 Hz).  A 
continuous wave (CW) laser emitting at 532 nm wavelength was used as an excitation source.  
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The laser beam was focused down to a 100 μm spot and the power was measured to be 100 mW.  
The PL emission was collected by a spectrometer and then sent to a PbS detector (cut-off at 3.0 
μm, higher signal-to-noise ratio) or a InSb detector (cut-off at 5.0 μm, lower signal-to-noise 
ratio).   
Optical pumping measurements.  The optical pumping characterization was performed using a 
pulsed laser operating at 1060 nm with 45 kHz repetition rate and 6 ns pulse width.  The laser 
beam was collimated to a narrow stripe (~20 µm width and 0.3 cm length) via a cylindrical lens 
to pump the GeSn waveguide structure.  Since the spatial intensity profile of the laser beam 
features Gaussian distribution, the knife-edge technique was applied to determine the pumping 
power density.  The device was first mounted on a Si chip carrier and then placed into a 
continuous flow cryostat for low temperature measurement.  The emission from the facet was 
collected by a spectrometer and then sent to a PbS or InSb detector.  The integrated emission 
intensity was measured by setting the grating at zero order. 
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1. Material Characterization 
The GeSn peak fitting process is as follows: the number of peaks is determined by the outline of 
the curve, i.e., the peak-feature and the shoulder-feature were counted.  Then the Gaussian 
distribution was used to fit each peak.  For sample D, the 2θ-ω scan curve was fitted with two 
Gaussian peaks of the 1st GeSn layer (blue dash curve) and the 2nd GeSn layer (red dash curve) 
wherever possible, as plotted in Fig. S1(a); while for sample G, three Gaussian peaks 
corresponding to the 1st, 2nd, and 3rd GeSn layers were fitted using the same process, as shown in 
Fig. S1(b).  The number of layers was also confirmed by the TEM image.  Compared to our 
previous study on GeSn thin film with compressive strain1, the measured GeSn peaks in this 
work shifted towards lower angle due to relaxation of the material (having the same Sn 
composition).  Moreover, the narrower peak line-width of the top GeSn layer compared to that of 
the bottom GeSn layer(s) indicates its higher material quality, which agrees well with the results 
from measured threading dislocation density (TDD).  
The in-plane (a∥) and out-of-plane (a⊥) lattice constants of the GeSn alloys were obtained 
from XRD-RSM (from (-2 -2 4) plane reflection), as shown in Fig. S2.  The dashed red line 
represents the strain relaxation.  By fitting the broadened contour plots, the lattice constants and 
strain for each GeSn layer were extracted.  Note that for sample B, another Ge layer was shown 
with larger in-plane and smaller out-of-plane lattice constants.  This is due to the 10 nm-thick Ge 
cap layer initially designed for passivation which lately showed negligible effects for the overall 
device performance.  
The Sn compositions were determined by secondary ion mass spectrometry (SIMS) 
measurements for all samples except for samples A and B as they feature lower Sn composition, 
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therefore their Sn compositions were determined by the XRD measurements with well accepted 
bowing parameter2.   
The layer thicknesses were determined by TEM images, from which each GeSn layer can be 
clearly resolved so that the layer thickness can be directly measured.  The measured thicknesses 
were cross checked by SIMS.  Figure S3 shows the typical TEM images of samples D and G. 
2. Band diagram calculation 
Based on the obtained Sn composition, strain and layer thickness, the band diagram at 300 K was 
calculated using the effective mass and matrix propagation method3,4.  The strain-induced 
bandgap change5 were considered for the calculations.  The band offsets were obtained based on 
well acknowledged theoretical calculation6.  Figure S4 shows the schematic band structures of 
the samples D and G (not to scale).  The EcL, EcΓ, Evhh, and Evlh represent energy levels of L- and 
Γ-valleys at conduction band (CB), and heavy hole (hh) and light hole (lh) at valence band (VB), 
respectively.  For sample D, the 1st GeSn layer is indirect bandgap due to residual compressive 
strain while the 2nd GeSn layer is direct bandgap.  Since the Sn composition of the 1st GeSn layer 
is lower relative to the 2nd GeSn layer, the formation of energy barriers at both CB and VB leads 
to photo-generated carriers confined in the 2nd GeSn layer where the band-to-band recombination 
(either PL or lasing) occurs.  The direct bandgap energy of 0.476 eV agrees well with the 
measured PL peak position of 2610 nm.  For sample G, all three GeSn layers feature direct 
bandgap, with Eg3<Eg2<Eg1 (Egn is bandgap energy of n
th GeSn layer).  The observed PL peak at 
3225 nm is consistent with the calculated bandgap energy of the 3rd GeSn layer at 0.385 eV, 
indicating the excellent carrier confinement in the 3rd GeSn layer.  Based on our calculation 
results, all samples feature type-I band alignment with the carriers confined in the top GeSn 
layer.  The PL measurements confirmed that the observed emission wavelengths match the 
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bandgap energies of the top GeSn layers.  The bandgap energy calculations are summarized in 
Table S1.  
3. Bandgap characteristic analysis 
The temperature-dependent PL measurements were performed on each sample. We analyzed the 
bandgap characteristic based on a systematic study of the PL spectra and then draw the 
conclusion of the material bandgap directness.  Figure S5 shows the temperature-dependent 
normalized integrated PL intensity of each sample.  For sample A, as temperature decreases from 
300 to 150 K, the integrated PL intensity decreases due to the reduced number of carriers 
populating on Γ valley.  Below 150 K the decreased non-radiative recombination velocity 
overcompensates the reduced number of thermal activated carriers, resulting in the increased 
integrated PL intensity at temperatures from 150 to 10 K.  Since the bandgap theoretical 
calculation indicates that there is almost no energy difference between the Γ and L valleys, 
therefore, the bandgap of sample A is at the indirect-to-direct transition point.  For samples B, C, 
and D, the bandgap theoretical calculation indicates that their Γ valleys are lower than L valleys.  
As the temperature decreases, the integrated PL intensity monotonically increases.  The increases 
of 6-, 2-, and 4-times were observed for samples B, C, and D, respectively.  For samples E, F, 
and G, whose Sn compositions are far beyond the theoretical predicted indirect-to-direct 
transition point, their integrated PL intensity significantly increased at lower temperature.  The 
increases of 65-, 24-, and 25-times were observed for samples E, F, and G, respectively, which is 
attributed to the further lowered Γ valley for dominant direct bandgap transition. The bandgap 
energy separation between Γ and L valleys increases as the Sn composition increases, which is a 
typical direct bandgap material behavior. 
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Note that the 65-times PL intensity increase at low temperature was observed for sample E, 
which is the highest value among all samples.  However, based on material characterization, 
sample E features relative lower material quality.  This can be explained as following: due to the 
lower material quality of sample E, the PL intensity at room temperature is weak, resulting in a 
larger ratio of low and high temperature PL intensities. 
4. Surface profile characterization 
To investigate the surface roughness, the atomic-force microscopy (AFM) characterizations have 
been performed on as-grown samples and post-etch samples.  Note that for the measurements of 
post-etch samples, the scan area was on the etched surface not on sidewall since it is very 
difficult to scan the sloped surface. The validity of this measurement method was indicated by 
SEM image (Fig. S6) which showed that their surface profiles are very close. The results are 
summarized in Table S2. (Note, the etched sample G was broken during the measurement 
therefore the data currently is not available. However, based on the available data, a clear 
conclusion could be drawn.) 
Based on the obtained data, the surface roughness is partially due to the initial material growth 
and strain release.  For samples A, B, and E, the wet etching also adds additional roughness.  
While for other samples, either roughness does not change or even reduces after etching.  
According to the reported data of surface roughness7, the measured surface roughness in this 
work is with comparable value. 
We have estimated surface roughness related loss to be ~10 dB/cm based on the scattering loss 
study for Si waveguide operating at 1.55 µm with similar roughness8. Since our GeSn lasers 
operate at longer wavelength, the actual waveguide loss could be lower than this value.  The loss 
is at reasonable value for early F-P cavity lasers. 
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5. Lasing mode pattern calculation 
Figure S6(a) shows the pattern of the fundamental transverse electric (TE0) mode obtained using 
a 2D mode solver9.  The cross-section of the layout was consistent with the fabricated device, 
i.e., the top and bottom width of the ridge waveguide were 2 and 5 μm, respectively, and the etch 
depth was 800 nm.  The calculations were done for a layer structure corresponding to sample D.  
The refractive index (n) of GeSn was obtained from ref. 10.  Since the n of Ge0.9Sn0.1 is very 
close to that of Ge0.87Sn0.13, an identical n of 4.25 was used for the entire GeSn layer.  Mode 
overlap with the GeSn and the Ge layer of 85.2% and 14.4% respectively were obtained, 
revealing the superior optical confinement in the GeSn layer.  In comparison, the waveguide with 
the same layout except the 90o sidewall was simulated as well.  Under the same configuration of 
n, a slightly increased mode overlap with GeSn of 85.9% was obtained, as shown in Fig. S6(b).  
This indicates that as long as the smooth surface was achieved, the deterioration of device 
performance due to sloped sidewall can be ignored in this work. 
6. General characterization of GeSn laser grown on Si 
The laser-output versus pumping-laser-input (L-L) curves for all lasers operating at 77 K are 
shown in Fig. S7(a).  The clear threshold feature was observed for each curve, confirming the 
lasing characteristic.   
Figures S7(b1)-(b4) show the characteristic temperatures (T0) of samples B, C, D, and F.  The T0 
was obtained by the linear fitting using equation ln (Ith) ∝ (T/T0), where T and Ith are temperature 
and corresponding threshold, respectively. 
The major efforts towards further improving the GeSn double heterostructure (DHS) laser 
performance in terms of higher operating temperature and lower threshold will be the 
optimization of the ridge waveguide structure to achieve single-mode operation, and the 
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fabrication of a thicker, defect-free GeSn top layer to maximize the mode overlap with it.  
Moreover, the material growth study revealed that there is still room to further improve the 
material quality by optimizing the growth conditions.    
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Figures 
 
  
Fig. S1 Fitting process of 2θ-ω scan for samples (a) D and (b) G.  The multiple peaks are clearly 
resolved, indicating the existence of multiple GeSn layers with different Sn compositions.  
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Fig. S2 XRD-RSM of each sample shows the in-plane (a∥) and out-of-plane (a⊥) lattice constants as well as the strain.  
The broadened contour plot of GeSn indicates the multi-layer feature of the GeSn.   
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Fig. S3 TEM images of samples (a) D and (b) G.  Each layer can be clearly resolved. The top 
GeSn layers feature low-density TD.  
 
 
  
Fig. S4 Band diagram calculation for samples (a) D and (b) G at 300 K (not to scale). 
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Fig. S5 Temperature-dependent normalized integrated PL intensity of each sample showing the 
typical direct bandgap material characteristics.  Inset: Details of sample A. 
 
 
Fig. S6 SEM images of the laser device showing the sidewall of the waveguide.  
 
 
33 
 
  
Fig. S7 Calculated pattern of the fundamental transverse electric mode for (a) actual device and 
(b) ideal ridge waveguide with 90o sidewall.  The Neff is the effective index.  The mode overlap 
difference with the GeSn layer is only 0.7% between the two structures. 
 
  
Fig. S8 (a) L-L curves of GeSn lasers at 77 K. (b1)-(b4) Fitted T0 of GeSn lasers. 
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Tables 
 
Table S1. Summary of bandgap energy for each GeSn layer 
 A B C D E F G 
Eg1 (eV) 0.595 0.537 0.536 0.538 0.464 0.541 0.495 
Eg2 (eV) 0.566 0.490 0.489 0.476 0.390 0.484 0.425 
Eg3 (eV)      0.408 0.385 
 
 
 
 
Table S2 Summary of surface roughness (unit: nm) 
Sample A B C D E F G 
As-grown 
roughness 
3.75 3.94 9.12 10.30 5.08 18.00 9.34 
Post-etch 
roughness 
6.27 10.40 7.17 10.60 13.70 6.03 N.A. 
 
 
 
